Ohmic heating is a process in which electric current is passed through a food; the material heats as a result of its electrical resistance. The process has been studied intensively over the last 25 years as a result of commercial processes being developed by EA Technology and APV in the UK. The aim of this chapter is to outline and review the work on the modelling of ohmic heating and experimental work that has been conducted. Models have been written to describe the heating of simple solid-liquid mixtures, and it has been shown (both experimentally and by modelling) that solids can heat faster than liquids. This makes the process very attractive for heating solid-liquid mixtures quickly. Modelling the flow and heating of two-phase mixtures is very difficult, but some approximate models have been written to simulate the process, and these have been validated by experiments using methods such as temperature mapping with MRI. As well as sterilisation and pasteurisation processes, ohmic heating has been shown to be effective in processes such as thawing and in enhancing mass transfer between solids and liquids.
Introduction
The processing of foods is governed by the need to achieve the required level of sterility without overprocessing the material to the point where nutritional and organoleptic quality is unacceptably diminished. Uniformity of process is key: if it were possible to give all of the food material the same process over the same time, it would be possible to produce a material which would have uniform levels of sterility and product quality.
The classical method of thermal preservation is the canning process in which food is placed in a package, which is then sealed and processed at 121 • C within batch or continuous retorts [1] . The most common method of providing heat to the can is via use of condensing steam. Heat is then transferred within the can either by thermal conduction if the food is solid or very viscous or by convection if less viscous. Heat transfer in this way is often very slow and can lead to overcooking of the material and consequently to the reduction of quality of the food.
A way to overcome this problem is to use higher sterilisation temperatures for a shorter time [2] . Continuous ultra-high temperature (UHT) or high temperature short time (HTST) processes exploit the fact that activation energies for sterilisation are much higher than those which reduce quality. Thus, by heating rapidly to 140 • C, the same sterilisation can be achieved in a shorter time with less loss in quality. This process achieves good results for liquids and mixtures containing very small particles but if very viscous liquids or particles larger than 2 mm in diameter are involved then the heating is controlled by conduction rather than convection and is slow. By the time the particles are sterile the liquid is overcooked.
To overcome the above problems in heating mixtures containing large particles, volumetric heating techniques can be used. These include microwave, RF and electrical resistance heating, in which heat is generated within the material [3, 4] . In microwave heating a high frequency electric field excites the polar water molecules, which attempt to line up with the electric field. When the field is removed the molecules tend to return to random orientation. When the electric field is alternated rapidly kinetic energy is expended as the polar molecules attempt to follow the field and this is evident as heat. In electrical resistance (ohmic) heating an electric current is passed through the material, which then heats throughout its volume as a result of its electrical resistance as explained below.
The fundamentals of ohmic heating
The equations which describe conventional and electrical heating are different since the processes which govern heating are different [3] . The heat generated by the passage of current at any point in the system is given by Q = σ E 2 (1) which is equivalent to the more familiar I 2 R. Here σ is the local electrical conductivity (S m −1 ) and E is the electric field strength (V m −1 ). The voltage distribution is given by ∇(σ ∇E) = 0 ( 2 ) and thus depends on the distribution of electrical conductivity within the medium as well as the system geometry. Equation (2) differs from the usual form of Laplace's equation:
because it deals with a medium in which the electrical conductivity is a function of both position and temperature.
The most important parameter in the applicability of ohmic heating is the electrical conductivity of the material. Most foodstuffs, which contain water in excess of 30% and dissolved ionic salts have been found to conduct sufficiently well for ohmic heating to be applied. Non-ionised materials such as fats, oils, sugar and syrups are not suitable; their conductivity is too low.
From eqn (1) it is obvious that when a two-phase mixture is heated electrically, if the liquid and solid have the same electrical conductivities, then the two phases will generate heat at the same rate. The problem arises when the phases have electrical conductivities significantly different from one another. Then 'shadow regions' can arise resulting in large differences in temperature between the liquid and the solid [5] . Within the liquid these changes in temperature can be minimised by convective mixing, which is largest for low viscosity fluids such as water. However, commercial food processes commonly use high viscosity carrier fluids such as starch in which convective processes will be significantly slower. A large number of papers have described differential heating effects and the problems that result.
In the limit of infinite or zero electrical conductivity, the electrical heating rate of the particle will be zero; a highly conductive material will not heat, however large the current flowing through it, and at near zero conductivity no heating will occur because negligible current flows through an insulator. For conductivity values inbetween the above limits, particles may either over-or underheat the surrounding liquid.
The heating rate is also a function of the shape of the particle and its orientation to the electric field. The same particle will overheat the fluid if placed parallel to the electric field or underheat if placed at right angles to the field [6] .
Heat exchangers work indirectly, by passing heat from a surface into the fluid, which can cause fouling and corrosion at the point of contact. The problem is particularly severe where high temperatures are required and fluids are aggressive, viscous or contain solids that can form deposits. Heat transfer is not uniform and regions of the mixture near the heated wall will be overprocessed by the time the centre has reached the required sterilisation temperature [7] . The ohmic process offers several advantages over other heating methods. These are no heat transfer surface which might foul, heating of particulates along with carrier fluid, gentle handling of particulates with no mechanical working as in scraped surface heat exchangers. There are also advantages of the ohmic heating process over microwave heating [8, 9] . The energy conversion efficiency is better than in a microwave system and the penetration of heat is much more even, throughout the bulk of the product rather than from the surfaces inwards. However, microwave heating requires no physical contact whereas resistance heating requires electrodes in good contact with the food. was never widespread. Over the last 30 years, interest in the process has followed the development of a commercial unit by EA Technology and APV Baker [11] . In this process, food is pumped past a series of electrodes connected to three-phase supply at 50-60 Hz. Heating rates of the order of 1 • Cs −1 are possible, in field strengths on the order of 1000 Vm −1 . The process has found use in sterilisation of highsolids fraction (30-40% solids) mixtures as well as the production of high-value materials such as pasteurised fruit pieces for yogurts. Skudder [12] has described the aseptic processing using the ohmic heater with emphasis on product quality. EA technology has since developed two types of ohmic heater. The collinear model is for high flow velocities, high pressures and high temperatures, and especially for aggressive fluids. The transverse model is for highly viscous fluids that may contain large particulates [7] .
If the heating rate of a material can be predicted, it is possible to design an ohmic process. Most food formulations are mixtures of several components, and the heating rates of these must be fairly uniform. The heating rates of individual food components have been found to vary with [13]:
• particle shape and size • liquid and solid electrical conductivities • the orientation of particles to the electric field.
The rate also changes as physical properties, especially electrical conductivity, change with temperature. The temperature dependence of electrical conductivity during ohmic heating may differ from that under conventional heating.
de Alwis and Fryer [13, 14] suggested a possible procedure by which an ohmic process can be confirmed, in terms of safety and product quality.
First, find the electrical conductivity of all the components as a function of temperature, and measure their heating rates under static conditions as a function of the orientation to the electric field.
Thus, identify the 'worst case'particle, the one that heats the slowest. The process parameters should be set to sterilise the worst case particle in the worst orientation.
Once the process parameters have been determined, tests should be carried out to determine the effect of the process on the fastest heating component, to check that not unwanted degradation occurs.
Calculations and tests should also be performed on any component, which is known to be thermally fragile.
This type of approach requires efficient models for the process.
Modelling ohmic heating

Modelling approaches
Basic equations
In ohmic heating it is vital to be able to predict the temperature distributions which results from heat generation, to enable engineering design and analysis.
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Such prediction in a static system requires solution of the two coupled sets of equations which describe the electrical and thermal behaviour of the system. As a result of the heat generated in the material, the temperature will change. The change in temperature of the material is related to the heat generation by (1) the volumetric heat capacity of the material, the product of density ρ and specific heat c p and (2) the conduction of heat within the food, which in turn depends on the thermal conductivity λ of the material. In a viscous liquid or a solid, i.e. in the absence of convection, the combined equation for heat generation and transfer is [15] :
Heating which results from the passage of electric current alters the physical properties of the material such as electrical and thermal conductivity and diffusivity. These coupled problems are highly non-linear and are difficult to solve directly. For other than simple geometries the electric field (and hence current) distribution is impossible to predict analytically; for other than very simple temperature-dependent physical properties, even those geometries cannot be solved.
In continuous systems the effect of fluid flow on the process must be considered. Flows of the sort found in aseptic processing systems complicate the study further. The density of the particles whose diameter may be of the order of the pipe diameter is similar to that of the carrier fluid which will have complex nonNewtonian rheology. In addition, the fluid flow is unlikely to be turbulent. The basic problem is that of possible phase separation. If different phases travel at different velocities through the heater, then they will be processed for different times, and thus reach different temperatures. The particle size, shape and density, and the size distribution of the particles will influence the velocity required to keep the suspension flowing, as will the density and rheological properties of the continuous phase.
Equation (4) considers only thermal conduction. In commercial practice, convective diffusion will also act within the liquid as a result of fluid flow, to reduce temperature differences within the bulk fluid. If convection is included in the energy balance, eqn (4) becomes [15] :
where v is the convective velocity. Although it is theoretically possible to solve this using a numerical model, it is complex as it requires solution of the full NavierStokes equation for the flow field. Various models have been proposed to identify the coldest spot in an ohmic formulation. Finding this is key to deciding what a process should be. In conventional processing, of course, the coldest spot will occur in the solid. In ohmic processing, with the correct choice of solid and liquid electrical conductivity, the particles will overheat the liquid, and the coldest spot will be found in the fluid. The amount of www.witpress.com, ISSN 1755-8336 (on-line) fluid mixing is then critical; high viscosity fluids have a higher range of temperature differences between them than less viscous ones [16] .
Batch systems
Many published models have tried to describe the thermal behaviour of particles in a still liquid; these have been validated experimentally for a single particle in a static heater [6, 14, [16] [17] [18] [19] [20] . Electric and thermal partial differential equations (PDEs) are coupled and solved for the geometry of the heater. Relevant assumptions are often made such as constant thermal properties, homogeneous and isotropic particle, pure conduction heating within the particle and no phase change in the fluid and particle during processing. For multiple particle systems in static ohmic heaters, simplified models have been presented for a limited number of particles [21] [22] [23] [24] .
Two different approaches have been used for the calculation of the electric field within the system. de Alwis and Fryer [14] reported that the electric field, in which the electrical conductivity varies with position, could be modelled by solving the Laplace equation with appropriate boundary conditions. Using this approach, computer simulations were developed, but are time consuming. Therefore, this approach could only be used to solve simple systems involving no convection for the liquid. A circuit analogy approach was suggested by Sastry and Palaniappan [21] for the solution of the electric field where the ohmic heater was considered to be a set of equivalent resistances. For a static ohmic heater, results of both methods were compared in two articles [24, 25] for one particle immersed in a still liquid. The two approaches gave similar results for mixtures of solids content greater than 30%. Discrepancies were found at low solids concentration. The Laplace equation no convection method was more conservative for the inclusion of higher electrical conductivity particle than the fluid. But the circuit analogy mixed fluid method predicted a more conservative temperature profile for the inclusion of low electrical conductivity particles with respect to the fluid. Fryer et al. [16] studied the ohmic heating of the liquid phase in a heterogeneous mixture for a static heater. They found that the hypothesis of a well-mixed bulk fluid for low viscosity solutions could be used.
de Alwis et al. [17] were the first to investigate and model ohmic heating for foods. The physical factors which affect the heating rate of food particles (particle shape, liquid and solid conductivities and the orientation between the solid and the electric field) were studied experimentally. To eliminate the effects of fluid flow experiments were conducted in a static ohmic cell. Mathematical solutions to the heating rate of systems of well-defined geometry, i.e. spheres or cylinders in an infinite liquid were derived from potential theory. The model (analytical solution of eqn 2) fitted the experimental results very well but was limited as changes in physical and electrical parameters with temperature, thermal conductivity in the solid and convection in the liquid phase were not considered. Numerical solutions must be adopted when changes in physical and electrical parameters are considered and complex geometries are involved. Finite element (FE) techniques are preferred as the shapes and physical properties of foods are highly complex. de Alwis and Fryer [14] used FE modelling to model ohmic heating since this www.witpress.com, ISSN 1755-8336 (on-line) technique can readily cope with the different particle sizes and abrupt changes in physical properties found in real systems. The structure of the model was as follows:
1. For given initial physical properties, the field distribution was calculated. 2. Heat generation rates throughout the solution region were then calculated, using the field distribution calculated in step 1. 3. These heat generation rates were then used together with heat capacities to establish new temperature values at each node of the solution considering both heat generation and thermal conduction. 4. The new temperatures were used to determine new values of the physical properties of the system. 5. Integration was continued using these as fresh starting values until a converged solution was reached.
Sastry and Palaniappan [21] developed a 3D FE model for prediction of temperatures of mixtures of liquids and multiple particles within a static heater. Experiments were conducted using cubic potato particles within sodium phosphate solutions, for various particle sizes, orientations, concentrations and liquid conductivities. They concluded that solids having lower electrical conductivity than the fluid would lag behind the fluid if they were in low concentration, but in high concentrations, the particles may heat faster than the fluid even though liquids may have a considerably higher electrical conductivity. The difference was attributed to the temperature coefficient of σ higher for the particles than for the liquid even though σ is smaller at room temperature for solid particles.
Continuous systems
Fryer and de Alwis [26] stressed the importance of acquiring data on the electrical conductivity of foods and correlations for food heat transfer coefficients in viscous liquids. The next step was to study the flow of foods through the ohmic heater and determine particle and liquid residence time distributions (RTDs), i.e. the range of times that food material spends in the ohmic heater. Modelling ohmic heating is essential for process and product designers: the need is to show that uniform heating can be provided to commercial products, to ensure safety and optimise product quality. To model the process fully requires simultaneous solution of the flow, electric and temperature fields in the geometry of the heater [15] .
Numerical models of electrical heating have concentrated on a set of problems on different length and timescales:
1. Heating rates within a solid-liquid mixture [17, 27] . 2. The types of temperature pattern found inside solid-liquid mixtures [5, 16] . 3. Predicting the temperatures of mixtures undergoing ohmic heating [23, 28, 29] . Sastry [30] described a model to predict particle and liquid temperatures in a continuous flow ohmic heater for mixtures of low viscosity liquid containing a high proportion of solids. Plug flow through the heater and a well-mixed liquid was assumed. Simulations were performed for various scenarios. The presence of www.witpress.com, ISSN 1755-8336 (on-line) a large population of low electrical conductivity particles resulted in slow heating of the entire mixture and particles heating faster than the liquid. There was a danger of underprocessing if isolated low-conductivity particles entered the system. Residence time was also important as fast-moving particle can thermally lag the fluid but to a lesser extent than expected for conventional process systems.
Zhang and Fryer [23, 24] used a 'unit cell' approach to model solid-liquid mixtures. If the food mixture is homogeneous, sections of the fluid can be modelled as representatives of the whole. If it is assumed that the distribution of particles in the liquid is uniform so that particles follow a regular pattern, the tube can be divided into a number of 'unit cells' each containing a number of particles. The heat generation rate distribution in each unit cell is identical, so it is only necessary to model one cell to predict the behaviour of the whole. The unit cell model can then be used in a model of the whole process.
Orangi et al. [31] presented a 3D model that predicts the temperature distribution in a solid-liquid mixture considering both axial and radial variations of the electric field at the fluid temperature in a continuous ohmic heater. The effect of various parameters on temperature distributions was studied. For typical values of electrical conductivity of liquid and solid phases, a thermal inversion point occurred, where the heating rate of the solid phase exceeded that of the liquid. When electrical conductivities were not widely apart, the effect of increasing interphase heat transfer coefficient was simply one of reducing interphase temperature difference. When phase electrical conductivities differed markedly, one phase heated significantly faster that the other. The interphase energy flux was dictated more by temperature difference than heat transfer coefficient. Particle size had a small effect on overall heat transfer.
Zhang and Fryer [24] compared two methods for the calculation of particle heating rates in ohmic heating. It was shown that the calculation using Laplace's equation [32] is more complex in time and computing power than the use of circuit analogy [30] . However, the circuit analogy may not be appropriate in some cases and can give significant errors at low solids fractions. It is thus difficult to apply it to the case of a single particle of significantly different conductivity, a case which may be important in determining the safety of the process.
Sastry and Palaniappan [19] developed a mathematical model to determine the extent of orientation dependence on the heating rate of a liquid-particle mixture for the case of a cube. Modelling and experimental results indicated that orientation effects on both effective resistance and heating time were slight but this is not applicable to particles of larger aspect ratio. A mathematical model [21] was modified to predict temperatures of fluids and particles within a continuous heater with high particle concentration suspensions [30] . Results for constant voltage simulations indicated that the presence of large populations of low electrical conductivity particles resulted in slow heating of the entire mixture rather than a single phase alone. In all those cases, particles tended to heat faster than the liquid. Simulations also indicated the role played by RTD and liquid-particle heat transfer coefficients in the above case.
The general trends for high particle concentrations are [33] 1. Particles that move at the average fluid velocities tend to heat slightly faster than the fluid even if they are less conductive than the fluid. 2. If all particles are of low electrical conductivity the net result is slow heating of the entire mixture rather than slow particle heating only. This is because the particles decrease the effective electrical conductivity of the mixture thereby reducing current flow through the system. 3. Fast-moving particles will thermally lag the fluid but the effect is not as great as the conventionally heated foods. 4. If an isolated low-conductivity particle enters the system it will likely exhibit large thermal lags. 5. The slowest heating point within a particle depends on the relative rate of heating of the fluid immediately surrounding it. If the fluid thermally lags the particle the cold spot will be at the particle extremities. If the particle lags the fluid the cold spot will be at the centre. In some instances the cold spot will migrate between these points.
As mentioned before, the rate of heat generation depends on the local electric field strength. Around materials of high or low electrical conductivity, the electric field is distorted. Depending on fluid viscosities and solids fraction this may cause local temperature variations in the liquid around the particle which affect heating rates and thus the process time of food particles. Fryer et al. [16] examined the heat generation and convection effects on the ohmic processing of solid-liquid mixtures. Experiments demonstrated that heating can be non-uniform due to spatial variations of current density and is very dependent on system geometry. The temperature differences in the liquid increase with increasing solution viscosity. Reducing viscosity increases convection in the liquid and acts to reduce temperature differences. For low-viscosity systems, temperature differences are insignificant. This temperature variation can affect the heating of solid particles. In non-convective cases, where the temperature at the surface of the solid remains low, the solid does not heat quickly. When the liquid is stirred by convection, giving a more even temperature distribution, faster heating results.
Khalaf and Sastry [34] compared three ohmic heating systems: a static cell, a vibrating unit and a continuous system. Fluids with the same electrical conductivities but different viscosities and the same amount of particles were used. Using static ohmic heating, it was found that heating rates of the fluid and particles were not significantly affected by viscosity. However, with sufficient agitation, the rate of heating increased with fluid viscosity. Enhanced heating of the fluid gave increased temperature differences between fluid and solids which counteracted the effect of low heat transfer coefficient.
Ruan et al. [35] constructed MRI temperature maps for ohmically heated food particulates (potato, carrot and beef). These images showed an entirely different heating pattern than would be found for similar but conventionally heated particulates. The temperatures in the centre regions of a particulate were higher than in www.witpress.com, ISSN 1755-8336 (on-line) the outer regions, indicating that the particulate heated intensively and transferred heat to the colder carrier liquid. Variation in temperature was observed within a particle, probably due to spatial variation in electrical conductivity. Differences in temperature among different particulates in the same carrier fluids were found. Beef appeared to heat faster than other foods. The differences in heating rate among different materials could be due to differences in electrical conductivity and/or nonuniformity in the electric field. Images taken after heating was terminated show that heat redistributed within the particulates. These results indicate that, in modelling the ohmic heating process, the generation of heat and associated distribution of temperatures during the heating stage and the redistribution of temperatures during the holding stage all need to be taken into consideration.
Benabderrahmane and Pain [29] simulated the thermal behaviour of a solidliquid mixture flowing in an ohmic heating steriliser. The model was based on the principle of a mean slip velocity between the two phases. Local electrical heat generation, convective heat transfers and heat conduction within the solid particles were taken into account. A qualitative study of the effects of slip velocity, delivery volume fraction, particle size and electrical conductivity was then performed. The importance of the particle internal temperature gradient was shown. The results showed how complex the behaviour of mixtures can be. The particle temperature at the column outlet could be greater than the liquid temperature, which is impossible in the traditional thermal processes. For a mixture with homogeneous electrical conductivity, an increase in the slip velocity or mixture volume fraction induced, at the tube outlet, a more important heating of the particles as compared to the liquid and also caused a higher temperature gradient in the particle. The process critical point was, unlike in traditional processes, situated in the liquid and not in the particle.
If the electrical conductivities of the two phases of a solid/liquid mixture are the same, heat will be generated at the same rate in both phases. The temperature reached by the food however depends on the time in the electrical field, i.e. the passage time in the heating section. This will influence the cooking level of the product, while sterilisation will be directly related to time in the holding section. In continuous processes, passage time of liquid and solid phases of foodstuff in the different sections of equipment depends on the kind of flow (capsule, concentric, saltation, etc.) and may fluctuate, thus leading to variations in the final product quality.
Some work on flows has been done. Eliot-Godereaux et al. [36] studied the passage time distribution (PTD) of spherical sodium alginate particles and potato cubes in the heating column and holding sections of a 10 kW ohmic heating pilot plant. Experimental variables included particle concentration and volumetric flow rate. For an equal thermal treatment all particles are required to spend the same amount of time in the heating and holding parts of the installation. In the holding section this appeared to be approximately the case. PTDs observed had small standard deviations. Mean normalised passage times decreased with increasing flow rate and the same pattern was observed for the minimum and maximum normalised passage times. The mean normalised passage times remained constant with increasing solid www.witpress.com, ISSN 1755-8336 (on-line) concentration. However, the wide range of passage times measured in the heating section could cause problems of overcooking some particles to ensure commercial sterility. PTDs were found to have large standard deviations, the ratio between maximum and minimum passage times being as high as five in some cases. The large distribution of passage times in the column and the very slow velocity of particles in this section (vs the liquid velocity), probably due to the current geometry and design of this section, may be responsible for overcooking of particles and considerable loss of the product quality.
Development of modelling approaches
Modelling of thermal processing of foods is an active subject of research. Developments in modelling will be used
• to make industrial application easier, and • to make products which are of higher quality when heated in the domestic microwave oven.
The subject is developing in a number of areas:
• Ease of solution. Advances in computing continue to make it more straightforward to run the programs needed to solve these problems. As shown above, FE software can now run efficiently on a PC, whereas only a few years ago it required workstation or mainframe capabilities. It is likely that problems that currently are at the limits of computing power will be simple to solve in a few years' time. This means that models could be used as the basis for real-time control systems: at the moment most run too slowly.
• Realistic physical properties. Many of the articles described above have treated systems with simplistic physical properties. In practice, as noted above, many physical properties vary with temperature; the strong variation of viscosity and electrical properties has been shown in some of the articles described above to lead to very strongly coupled problems, where the thermal and other fields have to be solved together. To do this accurately obviously requires accurate data: the more accurate the data, the better the fit of the model to reality. In some cases, it is the lack of data rather than the lack of appropriate theory that is limiting the accuracy of the models -this is discussed further below.
• New types of model. The models described above have used FE, volume or difference approaches to model heat transfer. Other types of approach are being used in some areas, such as discrete element and lattice Boltzmann modelling of single-and two-phase flows in complex geometries, and cellular automata models for the interaction of microbes and foods. These different types of models have some advantages, particularly where FE meshes are complicated and change with time, as in particle flows. At the moment, they are difficult to use, and commercial codes are not well developed; as these types of models become simpler to use they will be applied to food problems.
Experimental studies on ohmic heating
The section above has described how the process can be modelled; in this section we describe some of the experimental work that has been carried out on the process.
Measurement of electrical conductivity
As noted above, the critical property influencing ohmic heating is the electrical conductivity (σ ) of the product. This depends on several factors, including temperature, ionic constituents, material microstructure and field strength [37] . In practice, most vegetable solid particles have lower conductivities than liquids. Increased electrolyte content within solid foodstuffs, and thus increased electrical conductivity, can be achieved by salt diffusion. The electrical conductivity can be defined as [9] :
where L is the distance between the electrodes (m), A is the area of the test material in contact with the electrodes (m 2 ), R is the resistance (ohm) and σ is the electrical conductivity (S m −1 ). The electrical conductivity of food products usually increases with increasing temperature [8] . For many fluids, there is a linear relationship between temperature and electrical conductivity described by
where σ is the electrical conductivity at centigrade temperature T (S m −1 ), m is the proportionality constant ( • C −1 ), often approximately 0.02 • C −1 , and T is temperature ( • C). Studies have been conducted on the changes of the electrical conductivity (σ ) of foods during ohmic heating. Halden et al. [38] found that the electrical conductivity changes significantly as food properties change during ohmic heating at 50 Hz. Some materials followed eqn (7), but some non-linear effects were found, and related to changes in the material, such as cell breakdown. Gong et al. [39] noted several fundamental difficulties in carrying out the measurement of electrical conductivity -in their case, for gels, but the principles are generally true. Specific requirements are
• to establish perfect contact between the electrodes and the sample surfaces, • to set up proper electrodes and their arrangement to minimise unnecessary electrochemical reactions and concomitant contamination (i.e. use appropriate material, e.g. Pt/Ti), • to choose a suitable frequency range where undesirable dielectric dispersion due to relaxation of macroions and counterions may not occur.
Palaniappan and Sastry [40] determined the electrical conductivity of various foods (potato, carrot, yam, lean beef and chicken). Conductivities of vegetables www.witpress.com, ISSN 1755-8336 (on-line) were increased by soaking them in salt solutions, while soaking in water resulted in reduced conductivity due to leaching of electrolytes. Conductivities increased linearly with temperature. When decreasing the voltage gradient the electrical conductivity curves for vegetable tissue exhibited non-linear trends, and under zero voltage gradient (conventional heating), a sharp transition at about 70 • C was observed coinciding with significant softening of the tissue. The investigators claimed that the electrical conductivity increase with voltage gradient could be explained by electro-osmotic effects. Palaniappan and Sastry [41] also determined the electrical conductivities of orange and tomato juices (serum and various solids contents). The electrical conductivity of juices increased linearly with temperature and decreased with solids content. Experiments on suspensions of carrot juice solids and polystyrene spheres in sodium phosphate solution showed an increase in electrical conductivity of the suspension with decreasing particle size. It was claimed that the increase in electrical conductivity could be explained by reduced drag for the movement of ions. The drag for ionic movement increases when solids content increases, which might be a reason for the decreasing trend in electrical conductivity with increasing solids content. The drag for ionic mobility might also depend on the size, shape and orientation of particles in the juice solids.
Wang and Sastry [42, 43] investigated the effect of salt diffusion into potato tissue as a pre-treatment of ohmic heating. Electrical conductivity profiles were found to follow the salt concentration profile. Use of high concentration brine resulted in nonlinear σ − T profiles during ohmic heating and quadratic models were obtained. Wang and Sastry [44] reported a higher electrical conductivity for ohmically heated materials compared to unheated raw materials. Wang and Sastry [44] studied conductivity changes and heating rates of raw vegetable samples (potato, carrot and yam) in cyclic ohmic heating and samples preheated by conventional heating prior to ohmic heating. The results showed that in cyclic ohmic heating the heating rate increased by cycles. Samples preheated by either conventional or ohmic heating showed a higher heating rate than raw materials. Electrical conductivity data during ohmic heating showed that preheated vegetables have higher conductivities than fresh ones and a tendency of increase by cycles was found.
Yongsawatdigul et al. [45] observed an interaction between the salt and water content. Electrical conductivities of pacific whiting surimi paste increased quadratically with salt content and there was a significant interaction between the salt content and the temperature.
Marcotte et al. [46] studied the effect of concentration and temperature on electrical conductivities of hydrocolloid solutions (carrageenan, xanthan, pectin, gelatin and starch) in a static cell. A strong interaction between the concentration and the temperature and the electrical conductivity values was revealed. The differences between hydrocolloid types on electrical conductivities were mainly attributed to their ash content.
Lima et al. [47] studied turnip cylinders which were heated ohmically using four frequencies (4, 10, 25 and 65 Hz) and three waveforms (square, sine and sawtooth). Large variations in σ − T and time-temperature curves were obtained. The electrical conductivity was influenced by changing the waveform, and this www.witpress.com, ISSN 1755-8336 (on-line) influence seemed to increase as the frequency decreased. The heating rate increased with decreasing frequency. A downward shift in electrical conductivity results in a slower heating rate and could result in reduced mass transfer. Changes in vegetable tissue cellular structure are believed to be responsible for these results as structural variations exist throughout the cross-section of turnip due to the distribution of vascular tissue. Experiments conducted by Imai et al. [48] suggest that the frequency of alternating current also affects the efficiency of extraction and the heating rate.
Experimental measurements
A large number of studies of ohmic heating have been carried out, and some are described here. Ohmic heating rates depend on electrical conductivities, the electrical field applied and the geometry of the system. According to Stirling [49] , rapid heating of 1-5 • C s −1 should occur with electrical conductivity of 0.7-3 S m −1 and very rapid heating of 7-50 • C s −1 for 0.05-0.5 S m −1 . de Alwis and Fryer [6] reported that in the range 1-5 S m −1 , a maximum of 0.8-4 • C s −1 heating rates should be observed.
The use of ohmic heating for rapid heating and thawing of frozen foods was investigated by Segars and Kapsalis [50] . Balaban et al. [51] investigated the ohmic thawing of shrimp blocks by passing a 60 Hz alternating current through them. Ohmic thawing had the advantage of reducing the amount of water used for thawing without altering the quality of the final product. Uemura et al. [52] treated fish minced meat (Alaska Pollock) with alternating current (0-20 V) at various frequencies (50 Hz-10 kHz) up to 90 • C. The breaking strength, colour and fine structure of the resulting products were examined. The heating rate was found dependent mainly on frequency and increased at 10 kHz to 7.5 times as fast as the boiled sample. The products gave similar light values and higher breaking strength which reached to the maximum value 1.6 times as hard as that of boiled one. For fish processing, Yongsawatdigul et al. [53] showed that ohmic heating maximises the gel functionality of pacific whiting surimi. Pacific whiting gels rapidly heated to 90 • C by ohmic heating with a voltage gradient of 1330 V m −1 demonstrated superior shear stress and shear strain. Degradation of the myosin heavy chain and actin was significantly reduced resulting in a continuous network structure. Wu et al. [54] tested pacific whiting surimi paste and stabilised mince in the 20-70 • C range at frequencies from 55 Hz to 200 kHz. Sample impedance decreased slightly with frequency. The electrical conductivity increased with temperature and salt concentration.
Imai et al. [48] applied ohmic heating to Japanese white radish at 50 Hz-10 kHz and 4000 V m −1 to examine the effects of frequency on heat generation. A frequency of 50 Hz gave the sharpest initial rise of temperature and the shortest time to raise the temperature at the mid-part of radish to 80 • C. Electroporation was thought to be responsible for this effect.
Lima et al. [47] examined the influence of the frequency of ohmic heating on the heating rate. It was concluded that the higher the frequency, the slower the heating rate. For all frequencies except 4 Hz, a very slow increase in temperature occurred until a critical time, after which the temperature increased dramatically.
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The heating rate after this critical time was the same for all frequencies and occurred at approximately 60 • C; thus, it is assumed that the same phenomena are responsible for the temperature increase. At 4 Hz, although the initial heating rate was similar to the other frequencies, a different mechanism clearly occurred, as there was no slow increase in temperature before the sharp increase, and a decrease in the heating rate at 55 • C such that the sample approached 100 • C relatively slowly.
Mälkki and Jussila [55] used low-frequency electrical current for the rapid heating and coagulation of sausages in continuous flow. By optimisation of the material flow and current density an even heating throughout the material was achieved and the arching and skin forming on the electrodes were avoided. To control the process and scale-up the equipment, a mathematical model was developed and the process simulated by a computer.
Marcotte et al. [56] studied the effect of concentration and temperature on the ohmic heating behaviour of hydrocolloid solutions (carrageenan, xanthan, pectin, gelatin and starch) in a static cell at a constant voltage gradient of 724 V m −1 . Marcotte et al. [57] studied the effect of hydrocolloid and salt (NaCl) concentration and pH on the electrical conductivity and temperature profile of four hydrocolloid solutions (starch, carrageenan, xanthan and pectin) in a static ohmic heating cell at a voltage of 150 V.
Zareifard et al. [58] studied the ohmic heating behaviour and electrical conductivity of two-phase food systems. Food systems comprised a liquid phase using 4% w/w starch solution with 0.5% w/w salt, and a solid phase containing carrot puree and cubes of different sizes (6 and 13 mm) in different concentrations (30 and 50% w/w). With respect to the particle location, experiments were conducted using 30% w/w cubes (6 mm) placed in parallel, in series and in well-mixed conditions with the liquid phase. Ohmic heating was applied using a static cell at a constant voltage gradient of 1250 V m −1 . Overall values of electrical conductivities ranged from 0.2 to 1.8 S m −1 increasing linearly with the process temperature as it ranged from 20 • C to 80 • C, and decreasing as particle size or concentration increased. When the solid and liquid phases were separated, it was not possible to measure the resistance of both phases individually because the proportion of the current that passed through and the proportion of the voltage to each phase could not be determined.
Specification of correct electrodes and measurement methods
Ideally, the whole electrical power must be dissipated by the Joule effect. If electrochemical degradation of the products at the electrode surface occurs, or deterioration of the electrodes by corrosion takes place, this dissipates electric power as well as generating possible harmful species. Formation of radicals can cause peroxidation and form compounds responsible for making foods rancid and possibly at the root of diseases. Any electrochemical oxidation or reduction is undesirable in this type of process and the electrochemical behaviour of foods under direct and alternating currents must be known so that in industrial applications products can be avoided that might react at the electrode during ohmic treatment. The commercial APV unit www.witpress.com, ISSN 1755-8336 (on-line) employs platinised titanium electrodes which do not give rise to corrosion products and degradation; at many other electrodes such reactions do occur, making them unacceptable for commercial processes. Unexplained potential drop across the electrode is a symptom of this; if, for example, the apparent specific heat of the material increases then this may be indicative of reactions at the electrode, i.e. of power being dissipated in ways other than heat.
Tzedakis et al. [59] examined whether reactions occur between the electrodes and the various food compounds. Current-potential curves were recorded with direct and alternating currents and two different electrodes in order to understand and identify the interface phenomena occurring during the ohmic heating process. Material balances were performed to quantify the reaction rate. At a frequency of 50 Hz, the Ti-Pt materials had no significant electrocatalytic properties towards foods. The nature of the metal and the frequency of the alternating current were the two important parameters on the redox behaviour of foods. Indeed for both the electrodes used increasing the frequency from 0.01 to 50 Hz minimised the rate of the electrode reactions. Moreover at 50 Hz on platinised titanium none of the products showed electroactivity at a rate measurable by the electrochemical kinetic technique used.
In a case where electrolysis did occur, Lima et al. [60] examined on ascorbic acid degradation. Evidence of electrolysis was studied using the following methods:
• the ohmic heater was observed to determine whether gas liberation at the electrodes was visible or rust seen on the electrodes.
• the orange juice was tested to determine whether iron was present in solution • if electrolysis decreased the concentration of ascorbic acid adjacent to the electrodes one might expect a lower concentration of ascorbic acid in the overall sample.
Electrochemical phenomena can result in gas liberation at the electrodes and the release of metal ions into solution both of which can affect vitamin activity. There was noticeable gas liberation at stainless steel electrodes, but no visible liberation with the specially coated titanium electrodes. The effect was especially pronounced with orange juice; the 0.22% salt solution with stainless steel electrodes did not exhibit cavitation but bubbles covered the entire electrode surface during ohmic heating. No bubbles were observed on the titanium electrodes using 0.22% salt solution. The salt solution was subjected to identical ohmic treatments using the stainless steel and specially coated titanium electrodes. After heating, there was a noticeable rust tinge in the solution with stainless steel electrodes and no tinge with the titanium electrodes. When disassembled, the stainless steel electrode surfaces were covered with rust. No residue was present on the titanium electrode surfaces.
de Alwis et al. [17] noted that the use of thermocouples with ferromagnetic thermoelements (e.g. alumel in type K) may give errors due to the interactions between the temperature gradient and the magnetic field experienced by the thermocouple. Marcotte et al. [56] used T-type thermocouples, coated with Teflon to prevent interference with the electrical field. Thermal lags due to Teflon coating of thermocouples were corrected using data from experiments involving comparison www.witpress.com, ISSN 1755-8336 (on-line) with a certified mercury-in-glass thermometer and thermocouples under conventional heating conditions. Their response time was also evaluated by immersing them from 20 • C to 100 • C. Marcotte and Ramaswamy [61] demonstrated a larger temperature deviation between thermocouples located close to electrodes and those located at the centre of the ohmic heating cell. de Alwis et al. [17] observed a 2-3 • C lower temperature at the electrode surface, which occurs when its resistance is very low. In this case, the temperature rise at the electrode surface is caused only by conduction from the liquid. If the system is not well mixed, temperature differences between the electrode and the bulk are observed.
Applications of ohmic heating and electric fields
Several researchers have examined the application of ohmic heating in various food systems. Most published work related to ohmic heating was performed on laboratory scale units, and experimental conditions are variable. Some of the published results are referred below.
Microbial destruction
Ohmic heating is an effective method of sterilisation. Heating rates should be known to ensure the proper design of the process from a product safety and quality point of view. As shown above, many factors affect the heating rate of foods undergoing ohmic heating: electrical conductivities of fluid and particles, specific heat, particle size, shape and concentration as well as particle orientation in the electric field.
The efficiency of the process was shown by Yang et al. [62] , who evaluated six commercially produced ohmically heated stew-type products before and after 3 years' storage at 27 • C. All six products were commercially sterile and had no post-processing contamination and had excellent retention of sensory quality. It is believed that ohmic heating causes destruction of microorganisms through a thermal effect and electricity does not contribute to lethality [63, 64] . Sublethal electrical treatment, however, reduced the subsequent thermal requirements for inactivation of microorganisms [64] . Sublethal ohmic heating also decreased the lag period and modified some metabolic processes (consumption of glucose and production of lactic acid and bacteriocin) when used in a fermentation involving a lactic acid bacterium (Lactobacillus acidophilus) [65] . The thermal treatment required for spore inactivation in foods could be potentially reduced if electricity causes sublethal injury or additional lethal effect.
Cho et al. [66] examined Bacillus subtilis spores suspended in 0.1% NaCl solution and treated by conventional or ohmic heating under identical temperature histories. Temperatures tested were in the range of 88-99 • C. Survival curves and calculated D values showed significantly higher lethality for spores by ohmic than conventional heating. The z or E a values corresponding to the two heating methods, however, were not significantly different which means that electricity affects the death rate rather than the temperature dependency of spore inactivation.
In contrast, Lima et al. [60] studied ascorbic acid (vitamin C) degradation during electrical and conventional heating. Precise matching of time-temperature histories in conventional and ohmic cases was considered necessary to eliminate temperature as a variable. It was found that the electric field has no significant effect on ascorbic acid degradation. Pseudo first-order degradation kinetics were observed for both conventional and ohmic cases.
Quality was also studied by Eliot et al. [37] and Eliot-Godéreaux et al. [67] who examined the sterilisation of cauliflower florets in a 10 kW APV continuous ohmic heating pilot plant with various configurations of pretreatments and processing conditions. The available power gave 75 • C of heating for a 100 kg/h nominal flow rate. Eliot et al. [37] investigated the feasibility of processing cauliflower by ohmic heating. Cauliflower florets were precooked in tap water at 40-70 • C for 0-60 min. A control sample was cooked at 95 • C for 5 min. No significant textural differences were found between samples treated at 40 • C or 50 • C and fresh samples, but the firmness of samples cooked above 60 • C decreased because of the thermal destruction of vegetable tissues. The effect of precooking time was not significant. When low temperature precooking was performed in salted water for 30 min and followed by ohmic heating (holding time 30 s at 135 • C) pretreated florets were firmer (>300%) than control samples. Low temperature long time (LTLT) pretreatment was thus found to improve the final texture. The main mechanism claimed to explain the firming effect of LTLT pretreatment is the demethoxylation of pectic materials of the cell wall catalysed by the pectin methylesterase. Pretreatment in salted water could thus present a double advantage in the case of ohmic heating, by increasing the electrical conductivity and improving the final textural quality of the product after processing.
Mass transfer enhancement
Apart from the application of an electric field as a heating source, products with enhanced characteristics can be produced using the same technology. There is evidence that the diffusion of dyes between solid food material and the surrounding fluid is enhanced when an electric field is applied. Halden et al. [38] first observed that when an electric field was applied the flow of betanin dye from beetroot was much larger than would be observed via conductive heating even before any significant temperature change had occurred. A unique structural breakdown and tissue softening in samples subjected to ohmic heating was also indicated. According to Halden et al. [38] ohmic heating causes structural changes which increase moisture mobility and cell wall breakdown and are different to those that occur in conventional heating; in particular, ohmic pretreated samples clearly showed moisture diffusion from intra-to intercellular regions. Both moisture mobility and breakdown of the cell wall might be major reasons for the accelerated drying rate. Schreier et al. [68] quantified the effect seen by Halden et al. [38] and demonstrated that betanin diffusion from beetroot was enhanced during 50 Hz ohmic heating. The enhancement was found to be a linear function of applied voltage and was also directly proportional to the surface area of the particle.
www.witpress.com, ISSN 1755-8336 (on-line) Carlon and Latham [69] examined the drying rate of discs of paper towelling moistened by water as a function of the electric field in which they were placed. It was found that the drying rate increased monotonically with the electric field. The drying time decreased by a factor of six as the electric field rose (0-70 Vm −1 ).
Stapley et al. [70] compared the diffusion of water within samples of carrot both uncooked and cooked by either ohmic or conventional heating. They noted a statistically significant difference in the diffusion behaviour between samples cooked with the two methods but this was much less than the difference between cooked and uncooked material.
Kemp [71] used 50 Hz alternating electric fields to enhance the mass transfer of ionic solutes within several food and model food materials under a range of conditions. It was shown that diffusion can be enhanced by 40% when an electric field strength of 1500 V m −1 was applied.
Lima [72] showed that diffusion from a food sample depends on the differences in the electrical conductivity (σ ) of the food, at specific temperatures, between conventional and ohmic conditions. Lima et al. [73] found that the volume of beet dye diffusing into solution during ohmic heating was enhanced with respect to conventional heating at 42 • C and 58 • C but not at 72 • C. This could be explained by the fact that at 42 • C and 58 • C the electrical conductivity of beet tissue heated ohmically is higher than the electrical conductivity of beet tissue heated conventionally whereas at 72 • C the electrical conductivities are equal. The probable reason for higher electrical conductivities during ohmic heating at lower temperatures is increased mobility of constituents due to electro-osmosis. At around 60 • C the cellular structure of beetroot begins to break down and significant amounts of beet dye are released into solution; therefore, no significant difference is expected between the two methods. The extent of diffusion in the ohmic case is also positively correlated with applied voltage. In the 42 • C and 58 • C cases the lower σ carrier fluid showed significantly greater differences in diffusion between conventional and ohmic treatments than the higher σ carrier fluid. This is because the higher σ carrier fluid requires less voltage to maintain steady-state temperature than the lower σ carrier fluid. No significant difference in diffusion as a function of applied voltage was observed at 72 • C. This study by Lima et al. [73] enforces the case that careful selection of process parameters including electrical conductivity, temperature, frequency and waveform of alternating current, and electrical field strength can result in maximal mass transfer effects.
Kulshrestha and Sastry [74] found that diffusion is enhanced and moisture migrates more easily out of vegetable tissue heated ohmically. Electroporation, a breakdown of the cell membrane upon exposure to an electric field, was the mechanism that they thought accounted for these effects. This mechanism was also cited by Lee and Yoon [75] who suggested that electric fields induce irreversible damage on the cell wall to cause leakage of intracellular materials in Saccharomyces cerevisiae.
This use of moderate electric fields (MEFs) has also been studied as a possible extraction method. Sensoy and Sastry [76] used MEF treatment on mint leaves and noticed that the extraction yield was increased. Sensoy [77] examined the effect of MEF treatment on the permeability of black tea leaves and fresh and dry mint leaves.
The effect of frequency and electric field strength was investigated. MEF processing significantly increased the extraction yield for fresh mint leaves due to additional electric field effect during heating. Dried mint leaves and fermented black tea leaves were not affected by the treatment type. Low frequency resulted in higher extraction rates for fresh mint leaves. Kulshrestha and Sastry [78] studied the diffusion of beet dye from beet cubes during a 3 min MEF process using frequencies ranging from 0 to 5000 Hz and field strengths ranging from 0 to 23.9 Vcm −1 while maintaining steady-state temperature at 45 • C throughout the process. Diffusion increased with electric field strength and decreased with frequency. Electroporation was suggested as the mechanism for enhanced diffusion.
Lakkakula et al. [79] showed that ohmic heating increased the total percent of lipids extracted from rice bran to a maximum of 92%, while 53% of total lipids were extracted from the control samples. Lowering the frequency of alternating current significantly increased the amount of oil extracted and this was attributed to electroporation.
Samprovalaki [80] developed an experimental setup and a measurement technique so that diffusion in model foods (gels of agar and alginate) could be quantified in real time. The diffusion of aqueous solutions of varying concentrations of two dyes (rhodamine 6G and methylene blue) in gels of agar was followed as a function of temperature and the diffusion coefficient estimated using Fick's second law of diffusion. The diffusion coefficients followed Arrhenius behaviour and the activation energy calculated agreed with literature. The effect of electric fields was also examined.
In most of the above studies, the structure of the materials was shown to change when electric field was applied. Because ohmic heating/electric field processing accelerates moisture loss and improves extraction yields, it could have important commercial uses.
Ohmic pretreatment
Several articles have used the fact that electric fields enhance mass transfer to study the effect of using ohmic heating as a preheating step prior to drying. Lima and Sastry [81] compared the hot-air drying rate of yam and the juice yields of apples using electric fields of different frequencies (a 60 Hz sine wave and a 4 Hz sawtooth wave) to determine if lowering the frequency and changing the waveform gave improvements to these processes. The 4 Hz sawtooth wave resulted in a faster hot-air drying rate of yam cylinders than the 60 Hz sine wave, the most pronounced differences occurring during intermediate stages of drying. Apple juice yield was improved by ohmic pretreatment with 4 Hz sawtooth samples yielding significantly greater quantities than the 60 Hz sinusoidal pretreatment. The low frequency pretreatment reduced the time necessary to achieve juice yield enhancement to less than a third of the time required at 60 Hz. Sine and sawtooth-shaped waveforms gave similar (σ − T ) curves for all cases except 4 Hz during which sawtooth waves had significantly higher electrical conductivities between 50 • C and 65 • C than the sine wave treatment. Due to increased electrical conductivity at 4 Hz, pretreatments www.witpress.com, ISSN 1755-8336 (on-line) at this frequency require considerably less time than pretreatments at 60 Hz. The efficiency of mass transfer processes appears to be significantly dependent on waveform and frequency of alternating current.
NMR analysis of ohmically heated tissue showed more free movement of liquid components compared to raw samples. At the same equilibrium moisture content, the water activity of ohmically pretreated samples was higher than untreated, conventionally treated and microwave treated samples. Wang and Sastry [42] theorised that these differences could be attributed to the diffusion of intracellular moisture to the intercellular space, and suggested that since ohmic pretreatment (at 60 Hz) results in significantly better drying rates than microwave pretreatment (2450 Hz), frequency may play an important role in altering moisture diffusion.
Wang and Sastry [82] experimented on cylindrical samples of carrot, potato and yam which were dried in a hot-air dehydrator after preheating to 50 • C or 80 • C by three different heating methods (conventional, microwave and ohmic). The results showed that enhancement of drying rate increased with pretreatment temperature. Ohmic pretreatment increased the drying rate more than conventional and microwave heating. Ohmic heating increased electrical conductivity more than conventional heating. Since electrical conductivity increases with the content of movable water, ohmic heating increased the moisture mobility more than conventional heating. Interesting appearance and structure changes were observed in samples subjected to ohmic heating; in particular, a significant increase in intercellular water could be visually observed, especially those samples heated to 80 • C, with moisture drifting downwards due to gravity. These observations indicate increasing moisture mobility and cell wall breakdown during ohmic heating, both of which might be major reasons for the accelerated drying rate. The principal reason for these observations appears to be that thermal pretreatments result in diffusion of water from intra-to intercellular regions. Such an effect is greatly accelerated by ohmic heating due to accelerated diffusive effects, as observed for beetroot pigments by Halden et al. [38] and Schreier et al. [68] . While the total energy required for drying remains the same, the reduction in resistance to water diffusion results in increased product throughput.
Salengke [83] determined the effect of ohmic pretreatment on the drying rate of grapes and the adsorption isotherms of the raisins resulting from the drying process. Results indicated that ohmic pretreatments significantly increased the drying rate of the grapes, while their effect on the adsorption isotherms was not significant. The increase in the drying rate was highest at low electrical frequencies.
The effect of ohmic pretreatment on extraction yield has also been studied. Wang and Sastry [84] employed ohmic and microwave heating to investigate electrothermal effects on apple juice yield by preheating apple samples to 40 • C or 50 • C. Juice yield improved by both thermal pretreatments and pretreated samples showed less resistance during extraction. The thermal effect of ohmic pretreatment on juice yield increased with the pretreatment temperature while for microwave pretreatment the low pretreatment temperature resulted in high juice yield. Ohmic heating as a pretreatment increased juice yield and required less input work compared to microwave heating; thus frequency (60 Hz for ohmic vs 2450 Hz for microwaves) www.witpress.com, ISSN 1755-8336 (on-line) might play a major role in this effect. It is thought that the frequency-related phenomenon occurs due to the capacitance of the cell membrane/wall complex: at high frequencies, charge build-up is not sufficient during a half-cycle to approach a critical membrane potential, but at low frequencies, sufficient time is available for charge build-up and electroporation to occur. It has been reported that thermal processing of vegetables may cause rupture of cell walls, loss of intercellular adhesion and texture changes. These structure changes result not only in high moisture mobility but also soft tissues.
Conclusions
Ohmic heating is a process which has been thoroughly studied in academia and industry over the last 25 years. By passing an electric current through foods, it is possible to ensure that solid-liquid mixtures have the same rapid and uniform heating rate as is possible in the conventional processing of liquids, overcoming the resistance to heat transfer given by conduction through the solid. Indeed, the coldest spot in the system may well be in the liquid rather than the solid phase. Over the last years effort has been dedicated towards developing models that would allow design and optimisation of ohmic heating processes, to allow the advantages of ohmic to be utilised in the food industry. A range of models are available; simple ones for static liquids and solids are simple to develop and validate but are difficult to extend to the real situation of simultaneous flow and heating. Further developments in computing power and computational fluid dynamics will allow solution of heat and momentum transport equations in complex solid-liquid mixtures which will enable a thorough design and use of ohmic processing. Overall although over the last decades great effort has been devoted towards understanding and predicting temperature fields there is a genuine need to model both complex systems as well as structural changes during processing. The critical physical parameter is the electrical conductivity of the material, which has to be determined experimentally to obtain accurate predictions of the temperature field. Despite the possibilities of ohmic heating as a novel processing method few industrial applications are currently found, reflecting the greater complexity of the process and the inherent conservatism of the food industry. A number of studies have been reviewed which consider ohmic treatment as affecting on structure and mass transport (i.e. increase of effective diffusivity). This can be used creatively when processes such as air drying are combined with electric field processing to result in products of superior quality. There are a range of advantages to this process that have not yet been fully developed within the food industry.
